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1
PERSONALIZED CLOSED LOOP
OPTIMIZATION SYSTEMS AND METHODS

TECHNICAL FIELD

Embodiments of the subject matter described herein relate
generally to medical devices, and more particularly, embodi-
ments of the subject matter relate to adjusting personalized
settings of an infusion device for diabetes therapy manage-
ment.

BACKGROUND

The pancreas of a normal healthy person produces and
releases insulin into the blood stream in response to elevated
blood plasma glucose levels. Beta cells (f-cells), which
reside in the pancreas, produce and secrete the insulin into
the blood stream, as it is needed. If f-cells become inca-
pacitated or die, a condition known as Type 1 diabetes
mellitus (or in some cases if p-cells produce insufficient
quantities of insulin, Type II diabetes), then insulin must be
provided to the body from another source. Diabetes affects
approximately eight percent of the total population in the
United States alone.

Traditionally, because insulin cannot be taken orally, it
has been injected with a syringe. Use of infusion pump
therapy has been increasing, especially for delivering insulin
for diabetics. For example, external infusion pumps are
worn on a belt, in a pocket, or the like, and deliver insulin
into the body via an infusion tube with a percutaneous
needle or a cannula placed in the subcutaneous tissue.
Physicians have recognized that continuous infusion pro-
vides greater control of a diabetic’s condition, and are also
increasingly prescribing it for patients.

Patient-related and pump-related data can be collected
during operation of an insulin infusion pump, for subsequent
review and analysis. For example, glucose sensor data,
insulin delivery data, and/or other data generated or col-
lected by the infusion pump can be analyzed in an appro-
priate manner to determine whether or not it might be
desirable to recommend changes to one or more settings of
the infusion device. Accordingly, various settings of the
infusion device can be adjusted in a patient-specific manner
to improve and optimize the patient’s therapy (in accordance
with the analyzed data).

BRIEF SUMMARY

Medical devices and related systems and operating meth-
ods are provided. An embodiment of a method of automati-
cally adjusting a control parameter for an operating mode of
a medical device involves obtaining data pertaining to a
physiological condition of a patient during operation of the
medical device in accordance with the operating mode,
determining a plurality of adjusted values for the control
parameter based at least in part on the data, determining a
respective cost associated with each respective adjusted
value for the control parameter based at least in part on the
data using a cost function, identifying, from among the
plurality of adjusted values, an optimized value from among
the plurality of adjusted values, wherein the optimized value
has a minimum cost associated therewith from among the
plurality of costs, and updating the control parameter at the
medical device to the optimized value.

In another embodiment, a patient monitoring system is
provided. The patient monitoring system includes a medical
device to regulate a physiological condition of a patient in
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2

accordance with an operating mode based at least in part on
a control parameter and a remote device to obtain patient
data pertaining to operation of the medical device, determine
a plurality of adjusted values for the control parameter based
at least in part on the patient data, determine a respective
cost associated with each respective adjusted value of the
plurality of adjusted values for the control parameter based
at least in part on the patient data using a cost function,
resulting in a plurality of costs, identify an optimized value
having a minimum cost associated therewith from among
the plurality of adjusted values based on the plurality of
costs, and update the control parameter to the optimized
value, wherein subsequent operation of the medical device
in accordance with the operating mode utilizes the optimized
value for the control parameter.

In yet another embodiment, a method of automatically
adjusting a control parameter for an operating mode of an
infusion device regulating a glucose level of a patient is
provided. The method involves obtaining patient data com-
prising sensed glucose measurement data and event log data
during a period of operation of the infusion device in
accordance with the operating mode and determining a
plurality of adjusted values for the control parameter based
at least in part on the sensed glucose measurement data. For
each of the plurality of adjusted values for the control
parameter, the method determines a simulated glucose pro-
file for the patient corresponding to the period of operation
based on the event log data and the respective adjusted value
for the control parameter and determine a respective cost
associated with the respective adjusted value for the control
parameter based at least in part on the simulated glucose
profile using an asymmetric cost function. The method
continues by identifying, from among the plurality of
adjusted values, an optimized value from among the plural-
ity of adjusted values, wherein the optimized value has a
minimum cost associated therewith from among a plurality
of costs associated with the plurality of adjusted values
according to the asymmetric cost function, and updating the
control parameter at the infusion device to the optimized
value, wherein subsequent operation of the infusion device
utilizes the optimized value to generate dosage commands
for delivering insulin to the patient.

This summary is provided to introduce a selection of
concepts in a simplified form that are further described
below in the detailed description. This summary is not
intended to identify key features or essential features of the
claimed subject matter, nor is it intended to be used as an aid
in determining the scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the subject matter may
be derived by referring to the detailed description and claims
when considered in conjunction with the following figures,
wherein like reference numbers refer to similar elements
throughout the figures.

FIG. 1 depicts an exemplary embodiment of an infusion
system,

FIG. 2 is a block diagram of an exemplary control system
suitable for use with a fluid infusion device in one or more
embodiments;

FIG. 3 is a block diagram of an exemplary pump control
system suitable for use in the infusion device in the control
system of FIG. 2 in one or more embodiments;

FIG. 4 is a block diagram of a closed-loop control system
that may be implemented or otherwise supported by the
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pump control system in the fluid infusion device of FIGS.
2-3 in one or more exemplary embodiments;

FIG. 5 is a block diagram of an exemplary patient
monitoring system; and

FIG. 6 is a flow diagram of an exemplary personalized
updating process suitable for use with a medical device in
one or more exemplary embodiments.

DETAILED DESCRIPTION

The following detailed description is merely illustrative in
nature and is not intended to limit the embodiments of the
subject matter or the application and uses of such embodi-
ments. As used herein, the word “exemplary” means “serv-
ing as an example, instance, or illustration.” Any implemen-
tation described herein as exemplary is not necessarily to be
construed as preferred or advantageous over other imple-
mentations. Furthermore, there is no intention to be bound
by any expressed or implied theory presented in the preced-
ing technical field, background, brief summary or the fol-
lowing detailed description.

Exemplary embodiments of the subject matter described
herein are implemented in conjunction with medical
devices, such as portable electronic medical devices.
Although many different applications are possible, the fol-
lowing description focuses on embodiments that incorporate
a fluid infusion device (or infusion pump) as part of an
infusion system deployment. That said, the subject matter
described herein is not limited to infusion devices (or any
particular configuration or realization thereof) and may be
implemented in an equivalent manner in the context of
multiple daily injection (MDI) therapy regimen or other
medical devices, such as continuous glucose monitoring
(CGM) devices, injection pens (e.g., smart injection pens),
and the like. For the sake of brevity, conventional techniques
related to infusion system operation, insulin pump and/or
infusion set operation, and other functional aspects of the
systems (and the individual operating components of the
systems) may not be described in detail here. Examples of
infusion pumps may be of the type described in, but not
limited to, U.S. Pat. Nos. 4,562,751, 4,685,903; 5,080,653,
5,505,709; 5,097,122; 6,485,465; 6,554,798; 6,558,320,
6,558,351; 6,641,533; 6,659,980, 6,752,787, 6,817,990,
6,932,584, and 7,621,893; each of which are herein incor-
porated by reference.

Generally, a fluid infusion device includes a motor or
other actuation arrangement that is operable to displace a
plunger (or stopper) or other delivery mechanism to deliver
a dosage of fluid, such as insulin, from a reservoir provided
within the fluid infusion device to the body of a patient.
Dosage commands that govern operation of the motor may
be generated in an automated manner in accordance with the
delivery control scheme associated with a particular oper-
ating mode, and the dosage commands may be generated in
a manner that is influenced by a current (or most recent)
measurement of a physiological condition in the body of the
user. For example, in a closed-loop operating mode, dosage
commands may be generated based on a difference between
a current (or most recent) measurement of the interstitial
fluid glucose level in the body of the user and a target (or
reference) glucose value. In this regard, the rate of infusion
may vary as the difference between a current measurement
value and the target measurement value fluctuates. For
purposes of explanation, the subject matter is described
herein in the context of the infused fluid being insulin for
regulating a glucose level of a user (or patient); however, it
should be appreciated that many other fluids may be admin-
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istered through infusion, and the subject matter described
herein is not necessarily limited to use with insulin.

Exemplary embodiments of the subject matter described
herein generally relate to automatically adjusting control
parameters utilized by operating modes of an infusion
device in a personalized manner based on updated patient
data captured during preceding operation of the infusion
device. For example, based on relationships between a
patient’s glucose measurement data during a preceding
period of operation in a respective operating mode and a
target glucose value or other reference or threshold values
pertaining to that operating mode, a plurality of different
adjusted values for one or more control parameters are
identified, resulting in different sets of potential values for
the control parameter(s) utilized by the respective operating
mode. For each set of potential control parameter values, a
corresponding simulated glucose profile is determined using
the event log data (e.g., meal data, exercise data, sleep data,
bolus data, and/or the like) corresponding to the preceding
period of operation in the respective operating mode and the
adjusted control parameter value(s). One or more cost func-
tions are then applied to each of the simulated glucose
profiles to determine a respective cost associated with each
set of potential control parameter values, which, in turn is
utilized to identify an optimized set of adjusted control
parameter values that achieves the minimum cost. In this
regard, exemplary embodiments may iteratively determine a
cost associated with a set of potential control parameter
values and iteratively determine an adjusted set of potential
control parameter values using an optimization method until
arriving at a minimum cost. Thereafter, the control param-
eter values for the operating mode are updated to reflect the
optimized values, for example, by instructing or otherwise
commanding the infusion device to overwrite or otherwise
update the stored values for the control parameters of the
operating mode maintained at the infusion device to reflect
the optimized values. As described in greater detail below, in
one or more exemplary embodiments, the cost function is
asymmetric or otherwise disproportionately penalizes hypo-
glycemia or negative glucose excursions exhibited by the
simulated glucose profiles to arrive at optimized personal-
ized control parameter adjustments that mitigate the risk of
hypoglycemia.

For purposes of explanation, the subject matter may be
described herein in the context of a diabetes patient man-
agement system that generates and delivers recommenda-
tions for adjusting certain settings of an insulin infusion
device used by a patient using a cloud-based architecture,
wherein most of the processor-intensive tasks are performed
by one or more server systems that communicate with other
devices in the system, e.g., a mobile client device, a portable
insulin infusion device, a source of data (such as patient-
related data, insulin pump data, and the like), and possibly
other remote devices. Patient-specific data collected during
operation of the patient’s insulin infusion device in an
automated closed-loop mode is analyzed to determine rec-
ommended adjustments to certain settings of the insulin
infusion device, which, in turn, may be subsequently applied
during operation of the insulin infusion device in a manual
delivery mode.

Infusion System Overview

FIG. 1 depicts one exemplary embodiment of an infusion
system 100 that includes, without limitation, a fluid infusion
device (or infusion pump) 102, a sensing arrangement 104,
a command control device (CCD) 106, and a computer 108.
The components of an infusion system 100 may be realized
using different platforms, designs, and configurations, and
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the embodiment shown in FIG. 1 is not exhaustive or
limiting. In practice, the infusion device 102 and the sensing
arrangement 104 are secured at desired locations on the
body of a user (or patient), as illustrated in FIG. 1. In this
regard, the locations at which the infusion device 102 and
the sensing arrangement 104 are secured to the body of the
user in FIG. 1 are provided only as a representative, non-
limiting, example. The elements of the infusion system 100
may be similar to those described in U.S. Pat. No. 8,674,288,
the subject matter of which is hereby incorporated by
reference in its entirety.

In the illustrated embodiment of FIG. 1, the infusion
device 102 is designed as a portable medical device suitable
for infusing a fluid, a liquid, a gel, or other medicament into
the body of a user. In exemplary embodiments, the infused
fluid is insulin, although many other fluids may be admin-
istered through infusion such as, but not limited to, HIV
drugs, drugs to treat pulmonary hypertension, iron chelation
drugs, pain medications, anti-cancer treatments, medica-
tions, vitamins, hormones, or the like. In some embodi-
ments, the fluid may include a nutritional supplement, a dye,
a tracing medium, a saline medium, a hydration medium, or
the like.

The sensing arrangement 104 generally represents the
components of the infusion system 100 configured to sense,
detect, measure or otherwise quantify a condition of the user,
and may include a sensor, a monitor, or the like, for
providing data indicative of the condition that is sensed,
detected, measured or otherwise monitored by the sensing
arrangement. In this regard, the sensing arrangement 104
may include electronics and enzymes reactive to a biological
condition, such as a blood glucose level, or the like, of the
user, and provide data indicative of the blood glucose level
to the infusion device 102, the CCD 106 and/or the computer
108. For example, the infusion device 102, the CCD 106
and/or the computer 108 may include a display for present-
ing information or data to the user based on the sensor data
received from the sensing arrangement 104, such as, for
example, a current glucose level of the user, a graph or chart
of the user’s glucose level versus time, device status indi-
cators, alert messages, or the like. In other embodiments, the
infusion device 102, the CCD 106 and/or the computer 108
may include electronics and software that are configured to
analyze sensor data and operate the infusion device 102 to
deliver fluid to the body of the user based on the sensor data
and/or preprogrammed delivery routines. Thus, in exem-
plary embodiments, one or more of the infusion device 102,
the sensing arrangement 104, the CCD 106, and/or the
computer 108 includes a transmitter, a receiver, and/or other
transceiver electronics that allow for communication with
other components of the infusion system 100, so that the
sensing arrangement 104 may transmit sensor data or moni-
tor data to one or more of the infusion device 102, the CCD
106 and/or the computer 108.

Still referring to FIG. 1, in various embodiments, the
sensing arrangement 104 may be secured to the body of the
user or embedded in the body of the user at a location that
is remote from the location at which the infusion device 102
is secured to the body of the user. In various other embodi-
ments, the sensing arrangement 104 may be incorporated
within the infusion device 102. In other embodiments, the
sensing arrangement 104 may be separate and apart from the
infusion device 102, and may be, for example, part of the
CCD 106. In such embodiments, the sensing arrangement
104 may be configured to receive a biological sample,
analyte, or the like, to measure a condition of the user.
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In some embodiments, the CCD 106 and/or the computer
108 may include electronics and other components config-
ured to perform processing, delivery routine storage, and to
control the infusion device 102 in a manner that is influenced
by sensor data measured by and/or received from the sensing
arrangement 104. By including control functions in the CCD
106 and/or the computer 108, the infusion device 102 may
be made with more simplified electronics. However, in other
embodiments, the infusion device 102 may include all
control functions, and may operate without the CCD 106
and/or the computer 108. In various embodiments, the CCD
106 may be a portable electronic device. In addition, in
various embodiments, the infusion device 102 and/or the
sensing arrangement 104 may be configured to transmit data
to the CCD 106 and/or the computer 108 for display or
processing of the data by the CCD 106 and/or the computer
108.

In some embodiments, the CCD 106 and/or the computer
108 may provide information to the user that facilitates the
user’s subsequent use of the infusion device 102. For
example, the CCD 106 may provide information to the user
to allow the user to determine the rate or dose of medication
to be administered into the user’s body. In other embodi-
ments, the CCD 106 may provide information to the infusion
device 102 to autonomously control the rate or dose of
medication administered into the body of the user. In some
embodiments, the sensing arrangement 104 may be inte-
grated into the CCD 106. Such embodiments may allow the
user to monitor a condition by providing, for example, a
sample of his or her blood to the sensing arrangement 104
to assess his or her condition. In some embodiments, the
sensing arrangement 104 and the CCD 106 may be used for
determining glucose levels in the blood and/or body fluids of
the user without the use of, or necessity of, a wire or cable
connection between the infusion device 102 and the sensing
arrangement 104 and/or the CCD 106.

In some embodiments, the sensing arrangement 104 and/
or the infusion device 102 are cooperatively configured to
utilize a closed-loop system for delivering fluid to the user.
Examples of sensing devices and/or infusion pumps utiliz-
ing closed-loop systems may be found at, but are not limited
to, the following U.S. Pat. Nos. 6,088,608, 6,119,028, 6,589,
229, 6,740,072, 6,827,702, 7,323,142, and 7,402,153 or
United States Patent Application Publication No. 2014/
0066889, all of which are incorporated herein by reference
in their entirety. In such embodiments, the sensing arrange-
ment 104 is configured to sense or measure a condition of
the user, such as, blood glucose level or the like. The
infusion device 102 is configured to deliver fluid in response
to the condition sensed by the sensing arrangement 104. In
turn, the sensing arrangement 104 continues to sense or
otherwise quantify a current condition of the user, thereby
allowing the infusion device 102 to deliver fluid continu-
ously in response to the condition currently (or most
recently) sensed by the sensing arrangement 104 indefi-
nitely. In some embodiments, the sensing arrangement 104
and/or the infusion device 102 may be configured to utilize
the closed-loop system only for a portion of the day, for
example only when the user is asleep or awake.

FIG. 2 depicts an exemplary embodiment of a control
system 200 suitable for use with an infusion device 202,
such as the infusion device 102 described above. The control
system 200 is capable of controlling or otherwise regulating
a physiological condition in the body 201 of a patient to a
desired (or target) value or otherwise maintain the condition
within a range of acceptable values in an automated or
autonomous manner. In one or more exemplary embodi-
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ments, the condition being regulated is sensed, detected,
measured or otherwise quantified by a sensing arrangement
204 (e.g., sensing arrangement 104) communicatively
coupled to the infusion device 202. However, it should be
noted that in alternative embodiments, the condition being
regulated by the control system 200 may be correlative to the
measured values obtained by the sensing arrangement 204.
That said, for clarity and purposes of explanation, the
subject matter may be described herein in the context of the
sensing arrangement 204 being realized as a glucose sensing
arrangement that senses, detects, measures or otherwise
quantifies the patient’s glucose level, which is being regu-
lated in the body 201 of the patient by the control system
200.

In exemplary embodiments, the sensing arrangement 204
includes one or more interstitial glucose sensing elements
that generate or otherwise output electrical signals (alterna-
tively referred to herein as measurement signals) having a
signal characteristic that is correlative to, influenced by, or
otherwise indicative of the relative interstitial fluid glucose
level in the body 201 of the patient. The output electrical
signals are filtered or otherwise processed to obtain a
measurement value indicative of the patient’s interstitial
fluid glucose level. In exemplary embodiments, a blood
glucose meter 230, such as a finger stick device, is utilized
to directly sense, detect, measure or otherwise quantify the
blood glucose in the body 201 of the patient. In this regard,
the blood glucose meter 230 outputs or otherwise provides
a measured blood glucose value that may be utilized as a
reference measurement for calibrating the sensing arrange-
ment 204 and converting a measurement value indicative of
the patient’s interstitial fluid glucose level into a correspond-
ing calibrated blood glucose value. For purposes of expla-
nation, the calibrated blood glucose value calculated based
on the electrical signals output by the sensing element(s) of
the sensing arrangement 204 may alternatively be referred to
herein as the sensor glucose value, the sensed glucose value,
or variants thereof.

In the illustrated embodiment, the control system 200 also
includes one or more additional sensing arrangements 206,
208 configured to sense, detect, measure or otherwise quan-
tify a characteristic of the body 201 of the patient that is
indicative of a condition in the body 201 of the patient. In
this regard, in addition to the glucose sensing arrangement
204, one or more auxiliary sensing arrangements 206 may be
worn, carried, or otherwise associated with the body 201 of
the patient to measure characteristics or conditions of the
patient (or the patient’s activity) that may influence the
patient’s glucose levels or insulin sensitivity. For example,
a heart rate sensing arrangement 206 could be worn on or
otherwise associated with the patient’s body 201 to sense,
detect, measure or otherwise quantify the patient’s heart
rate, which, in turn, may be indicative of exercise (and the
intensity thereof) that is likely to influence the patient’s
glucose levels or insulin response in the body 201. In yet
another embodiment, another invasive, interstitial, or sub-
cutaneous sensing arrangement 206 may be inserted into the
body 201 of the patient to obtain measurements of another
physiological condition that may be indicative of exercise
(and the intensity thereof), such as, for example, a lactate
sensor, a ketone sensor, or the like. Depending on the
embodiment, the auxiliary sensing arrangement(s) 206 could
be realized as a standalone component worn by the patient,
or alternatively, the auxiliary sensing arrangement(s) 206
may be integrated with the infusion device 202 or the
glucose sensing arrangement 204.
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The illustrated control system 200 also includes an accel-
eration sensing arrangement 208 (or accelerometer) that may
be worn on or otherwise associated with the patient’s body
201 to sense, detect, measure or otherwise quantify an
acceleration of the patient’s body 201, which, in turn, may
be indicative of exercise or some other condition in the body
201 that is likely to influence the patient’s insulin response.
While the acceleration sensing arrangement 208 is depicted
as being integrated into the infusion device 202 in FIG. 2, in
alternative embodiments, the acceleration sensing arrange-
ment 208 may be integrated with another sensing arrange-
ment 204, 206 on the body 201 of the patient, or the
acceleration sensing arrangement 208 may be realized as a
separate standalone component that is worn by the patient.

In the illustrated embodiment, the pump control system
220 generally represents the electronics and other compo-
nents of the infusion device 202 that control operation of the
fluid infusion device 202 according to a desired infusion
delivery program in a manner that is influenced by the
sensed glucose value indicating the current glucose level in
the body 201 of the patient. For example, to support a
closed-loop operating mode, the pump control system 220
maintains, receives, or otherwise obtains a target or com-
manded glucose value, and automatically generates or oth-
erwise determines dosage commands for operating an actua-
tion arrangement, such as a motor 232, to displace the
plunger 217 and deliver insulin to the body 201 of the patient
based on the difference between the sensed glucose value
and the target glucose value. In other operating modes, the
pump control system 220 may generate or otherwise deter-
mine dosage commands configured to maintain the sensed
glucose value below an upper glucose limit, above a lower
glucose limit, or otherwise within a desired range of glucose
values. In practice, the infusion device 202 may store or
otherwise maintain the target value, upper and/or lower
glucose limit(s), insulin delivery limit(s), and/or other glu-
cose threshold value(s) in a data storage element accessible
to the pump control system 220. As described in greater
detail, in one or more exemplary embodiments, the pump
control system 220 automatically adjusts or adapts one or
more parameters or other control information used to gen-
erate commands for operating the motor 232 in a manner
that accounts for a likely change in the patient’s glucose
level or insulin response resulting from a meal, exercise, or
other activity.

Still referring to FIG. 2, the target glucose value and other
threshold glucose values utilized by the pump control sys-
tem 220 may be received from an external component (e.g.,
CCD 106 and/or computing device 108) or be input by a
patient via a user interface element 240 associated with the
infusion device 202. In practice, the one or more user
interface element(s) 240 associated with the infusion device
202 typically include at least one input user interface ele-
ment, such as, for example, a button, a keypad, a keyboard,
a knob, a joystick, a mouse, a touch panel, a touchscreen, a
microphone or another audio input device, and/or the like.
Additionally, the one or more user interface element(s) 240
include at least one output user interface element, such as,
for example, a display element (e.g., a light-emitting diode
or the like), a display device (e.g., a liquid crystal display or
the like), a speaker or another audio output device, a haptic
feedback device, or the like, for providing notifications or
other information to the patient. It should be noted that
although FIG. 2 depicts the user interface element(s) 240 as
being separate from the infusion device 202, in practice, one
or more of the user interface element(s) 240 may be inte-
grated with the infusion device 202. Furthermore, in some
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embodiments, one or more user interface element(s) 240 are
integrated with the sensing arrangement 204 in addition to
and/or in alternative to the user interface element(s) 240
integrated with the infusion device 202. The user interface
element(s) 240 may be manipulated by the patient to operate
the infusion device 202 to deliver correction boluses, adjust
target and/or threshold values, modify the delivery control
scheme or operating mode, and the like, as desired.

Still referring to FIG. 2, in the illustrated embodiment, the
infusion device 202 includes a motor control module 212
coupled to a motor 232 that is operable to displace a plunger
217 in a reservoir and provide a desired amount of fluid to
the body 201 of a patient. In this regard, displacement of the
plunger 217 results in the delivery of a fluid, such as insulin,
that is capable of influencing the patient’s physiological
condition to the body 201 of the patient via a fluid delivery
path (e.g., via tubing of an infusion set). A motor driver
module 214 is coupled between an energy source 218 and
the motor 232. The motor control module 212 is coupled to
the motor driver module 214, and the motor control module
212 generates or otherwise provides command signals that
operate the motor driver module 214 to provide current (or
power) from the energy source 218 to the motor 232 to
displace the plunger 217 in response to receiving, from a
pump control system 220, a dosage command indicative of
the desired amount of fluid to be delivered.

In exemplary embodiments, the energy source 218 is
realized as a battery housed within the infusion device 202
that provides direct current (DC) power. In this regard, the
motor driver module 214 generally represents the combina-
tion of circuitry, hardware and/or other electrical compo-
nents configured to convert or otherwise transfer DC power
provided by the energy source 218 into alternating electrical
signals applied to respective phases of the stator windings of
the motor 232 that result in current flowing through the
stator windings that generates a stator magnetic field and
causes the rotor of the motor 232 to rotate. The motor control
module 212 is configured to receive or otherwise obtain a
commanded dosage from the pump control system 220,
convert the commanded dosage to a commanded transla-
tional displacement of the plunger 217, and command,
signal, or otherwise operate the motor driver module 214 to
cause the rotor of the motor 232 to rotate by an amount that
produces the commanded translational displacement of the
plunger 217. For example, the motor control module 212
may determine an amount of rotation of the rotor required to
produce translational displacement of the plunger 217 that
achieves the commanded dosage received from the pump
control system 220. Based on the current rotational position
(or orientation) of the rotor with respect to the stator that is
indicated by the output of the rotor sensing arrangement 216,
the motor control module 212 determines the appropriate
sequence of alternating electrical signals to be applied to the
respective phases of the stator windings that should rotate
the rotor by the determined amount of rotation from its
current position (or orientation). In embodiments where the
motor 232 is realized as a BLDC motor, the alternating
electrical signals commutate the respective phases of the
stator windings at the appropriate orientation of the rotor
magnetic poles with respect to the stator and in the appro-
priate order to provide a rotating stator magnetic field that
rotates the rotor in the desired direction. Thereafter, the
motor control module 212 operates the motor driver module
214 to apply the determined alternating electrical signals
(e.g., the command signals) to the stator windings of the
motor 232 to achieve the desired delivery of fluid to the
patient.
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When the motor control module 212 is operating the
motor driver module 214, current flows from the energy
source 218 through the stator windings of the motor 232 to
produce a stator magnetic field that interacts with the rotor
magnetic field. In some embodiments, after the motor con-
trol module 212 operates the motor driver module 214
and/or motor 232 to achieve the commanded dosage, the
motor control module 212 ceases operating the motor driver
module 214 and/or motor 232 until a subsequent dosage
command is received. In this regard, the motor driver
module 214 and the motor 232 enter an idle state during
which the motor driver module 214 effectively disconnects
or isolates the stator windings of the motor 232 from the
energy source 218. In other words, current does not flow
from the energy source 218 through the stator windings of
the motor 232 when the motor 232 is idle, and thus, the
motor 232 does not consume power from the energy source
218 in the idle state, thereby improving efficiency.

Depending on the embodiment, the motor control module
212 may be implemented or realized with a general purpose
processor, a microprocessor, a controller, a microcontroller,
a state machine, a content addressable memory, an applica-
tion specific integrated circuit, a field programmable gate
array, any suitable programmable logic device, discrete gate
or transistor logic, discrete hardware components, or any
combination thereof, designed to perform the functions
described herein. In exemplary embodiments, the motor
control module 212 includes or otherwise accesses a data
storage element or memory, including any sort of random
access memory (RAM), read only memory (ROM), flash
memory, registers, hard disks, removable disks, magnetic or
optical mass storage, or any other short or long term storage
media or other non-transitory computer-readable medium,
which is capable of storing programming instructions for
execution by the motor control module 212. The computer-
executable programming instructions, when read and
executed by the motor control module 212, cause the motor
control module 212 to perform or otherwise support the
tasks, operations, functions, and processes described herein.

It should be appreciated that FIG. 2 is a simplified
representation of the infusion device 202 for purposes of
explanation and is not intended to limit the subject matter
described herein in any way. In this regard, depending on the
embodiment, some features and/or functionality of the sens-
ing arrangement 204 may implemented by or otherwise
integrated into the pump control system 220, or vice versa.
Similarly, in practice, the features and/or functionality of the
motor control module 212 may implemented by or otherwise
integrated into the pump control system 220, or vice versa.
Furthermore, the features and/or functionality of the pump
control system 220 may be implemented by control elec-
tronics located in the fluid infusion device 202, while in
alternative embodiments, the pump control system 220 may
be implemented by a remote computing device that is
physically distinct and/or separate from the infusion device
202, such as, for example, the CCD 106 or the computing
device 108.

FIG. 3 depicts an exemplary embodiment of a pump
control system 300 suitable for use as the pump control
system 220 in FIG. 2 in accordance with one or more
embodiments. The illustrated pump control system 300
includes, without limitation, a pump control module 302, a
communications interface 304, and a data storage element
(or memory) 306. The pump control module 302 is coupled
to the communications interface 304 and the memory 306,
and the pump control module 302 is suitably configured to
support the operations, tasks, and/or processes described
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herein. In various embodiments, the pump control module
302 is also coupled to one or more user interface elements
(e.g., user interface 240) for receiving user inputs (e.g.,
target glucose values or other glucose thresholds) and pro-
viding notifications, alerts, or other therapy information to
the patient.

The communications interface 304 generally represents
the hardware, circuitry, logic, firmware and/or other com-
ponents of the pump control system 300 that are coupled to
the pump control module 302 and configured to support
communications between the pump control system 300 and
the various sensing arrangements 204, 206, 208. In this
regard, the communications interface 304 may include or
otherwise be coupled to one or more transceiver modules
capable of supporting wireless communications between the
pump control system 220, 300 and the sensing arrangement
(s) 204, 206, 208. For example, the communications inter-
face 304 may be utilized to receive sensor measurement
values or other measurement data from each sensing
arrangement 204, 206, 208 in a control system 200. In other
embodiments, the communications interface 304 may be
configured to support wired communications to/from the
sensing arrangement(s) 204, 206, 208. In various embodi-
ments, the communications interface 304 may also support
communications with another electronic device (e.g., CCD
106 and/or computer 108) in an infusion system (e.g., to
upload sensor measurement values to a server or other
computing device, receive control information from a server
or other computing device, and the like).

The pump control module 302 generally represents the
hardware, circuitry, logic, firmware and/or other component
of the pump control system 300 that is coupled to the
communications interface 304 and configured to determine
dosage commands for operating the motor 232 to deliver
fluid to the body 201 based on measurement data received
from the sensing arrangements 204, 206, 208 and perform
various additional tasks, operations, functions and/or opera-
tions described herein. For example, in exemplary embodi-
ments, pump control module 302 implements or otherwise
executes a command generation application 310 that sup-
ports one or more autonomous operating modes and calcu-
lates or otherwise determines dosage commands for oper-
ating the motor 232 of the infusion device 202 in an
autonomous operating mode based at least in part on a
current measurement value for a condition in the body 201
of'the patient. For example, in a closed-loop operating mode,
the command generation application 310 may determine a
dosage command for operating the motor 232 to deliver
insulin to the body 201 of the patient based at least in part
on the current glucose measurement value most recently
received from the sensing arrangement 204 to regulate the
patient’s blood glucose level to a target reference glucose
value. Additionally, the command generation application
310 may generate dosage commands for boluses that are
manually-initiated or otherwise instructed by a patient via a
user interface element.

In exemplary embodiments, the pump control module 302
also implements or otherwise executes a personalization
application 308 that is cooperatively configured to interact
with the command generation application 310 to support
adjusting dosage commands or control information dictating
the manner in which dosage commands are generated in a
personalized, patient-specific manner. In this regard, in some
embodiments, based on correlations between current or
recent measurement data and the current operational context
relative to historical data associated with the patient, the
personalization application 308 may adjust or otherwise
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modify values for one or more parameters utilized by the
command generation application 310 when determining
dosage commands, for example, by modifying a parameter
value at a register or location in memory 306 referenced by
the command generation application 310. In yet other
embodiments, the personalization application 308 may pre-
dict meals or other events or activities that are likely to be
engaged in by the patient and output or otherwise provide an
indication of the predicted patient behavior, which, in turn,
may then be utilized to adjust the manner in which dosage
commands are generated to regulate glucose in a manner
that accounts for the patient’s predicted behavior in a
personalized manner. In some embodiments, the personal-
ization application 308 may support automatically perform-
ing personalized adjustments of control parameters utilized
by the command generation application 310.

Still referring to FIG. 3, depending on the embodiment,
the pump control module 302 may be implemented or
realized with a general purpose processor, a microprocessor,
a controller, a microcontroller, a state machine, a content
addressable memory, an application specific integrated cir-
cuit, a field programmable gate array, any suitable program-
mable logic device, discrete gate or transistor logic, discrete
hardware components, or any combination thereof, designed
to perform the functions described herein. In this regard, the
steps of a method or algorithm described in connection with
the embodiments disclosed herein may be embodied directly
in hardware, in firmware, in a software module executed by
the pump control module 302, or in any practical combina-
tion thereof. In exemplary embodiments, the pump control
module 302 includes or otherwise accesses the data storage
element or memory 306, which may be realized using any
sort of non-transitory computer-readable medium capable of
storing programming instructions for execution by the pump
control module 302. The computer-executable programming
instructions, when read and executed by the pump control
module 302, cause the pump control module 302 to imple-
ment or otherwise generate the applications 308, 310 and
perform tasks, operations, functions, and processes
described herein.

It should be understood that FIG. 3 is a simplified
representation of a pump control system 300 for purposes of
explanation and is not intended to limit the subject matter
described herein in any way. For example, in some embodi-
ments, the features and/or functionality of the motor control
module 212 may be implemented by or otherwise integrated
into the pump control system 300 and/or the pump control
module 302, for example, by the command generation
application 310 converting the dosage command into a
corresponding motor command, in which case, the separate
motor control module 212 may be absent from an embodi-
ment of the infusion device 202.

FIG. 4 depicts an exemplary closed-loop control system
400 that may be implemented by a pump control system 220,
300 to provide a closed-loop operating mode that autono-
mously regulates a condition in the body of a patient to a
reference (or target) value. It should be appreciated that FI1G.
4 is a simplified representation of the control system 400 for
purposes of explanation and is not intended to limit the
subject matter described herein in any way.

In exemplary embodiments, the control system 400
receives or otherwise obtains a target glucose value at input
402. In some embodiments, the target glucose value may be
stored or otherwise maintained by the infusion device 202
(e.g., in memory 306), however, in some alternative embodi-
ments, the target value may be received from an external
component (e.g., CCD 106 and/or computer 108). In one or
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more embodiments, the target glucose value may be calcu-
lated or otherwise determined prior to entering the closed-
loop operating mode based on one or more patient-specific
control parameters. For example, the target blood glucose
value may be calculated based at least in part on a patient-
specific reference basal rate and a patient-specific daily
insulin requirement, which are determined based on histori-
cal delivery information over a preceding interval of time
(e.g., the amount of insulin delivered over the preceding 24
hours). The control system 400 also receives or otherwise
obtains a current glucose measurement value (e.g., the most
recently obtained sensor glucose value) from the sensing
arrangement 204 at input 404. The illustrated control system
400 implements or otherwise provides proportional-integral-
derivative (PID) control to determine or otherwise generate
delivery commands for operating the motor 232 based at
least in part on the difference between the target glucose
value and the current glucose measurement value. In this
regard, the PID control attempts to minimize the difference
between the measured value and the target value, and
thereby regulates the measured value to the desired value.
PID control parameters are applied to the difference between
the target glucose level at input 402 and the measured
glucose level at input 404 to generate or otherwise determine
a dosage (or delivery) command provided at output 430.
Based on that delivery command, the motor control module
212 operates the motor 232 to deliver insulin to the body of
the patient to influence the patient’s glucose level, and
thereby reduce the difference between a subsequently mea-
sured glucose level and the target glucose level.

The illustrated control system 400 includes or otherwise
implements a summation block 406 configured to determine
a difference between the target value obtained at input 402
and the measured value obtained from the sensing arrange-
ment 204 at input 404, for example, by subtracting the target
value from the measured value. The output of the summation
block 406 represents the difference between the measured
and target values, which is then provided to each of a
proportional term path, an integral term path, and a deriva-
tive term path. The proportional term path includes a gain
block 420 that multiplies the difference by a proportional
gain coefficient, K, to obtain the proportional term. The
integral term path includes an integration block 408 that
integrates the difference and a gain block 422 that multiplies
the integrated difference by an integral gain coefficient, K,
to obtain the integral term. The derivative term path includes
a derivative block 410 that determines the derivative of the
difference and a gain block 424 that multiplies the derivative
of the difference by a derivative gain coefficient, K, to
obtain the derivative term. The proportional term, the inte-
gral term, and the derivative term are then added or other-
wise combined to obtain a delivery command that is utilized
to operate the motor at output 430. Various implementation
details pertaining to closed-loop PID control and determin-
ing gain coeflicients are described in greater detail in U.S.
Pat. No. 7,402,153, which is incorporated by reference.

In one or more exemplary embodiments, the PID gain
coeflicients are patient-specific and dynamically calculated
or otherwise determined prior to entering the closed-loop
operating mode based on historical insulin delivery infor-
mation (e.g., amounts and/or timings of previous dosages,
historical correction bolus information, or the like), histori-
cal sensor measurement values, historical reference blood
glucose measurement values, user-reported or user-input
events (e.g., meals, exercise, and the like), and the like. In
this regard, one or more patient-specific control parameters
(e.g., an insulin sensitivity factor, a daily insulin require-
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ment, an insulin limit, a reference basal rate, a reference
fasting glucose, an active insulin action duration, pharmo-
dynamical time constants, or the like) may be utilized to
compensate, correct, or otherwise adjust the PID gain coef-
ficients to account for various operating conditions experi-
enced and/or exhibited by the infusion device 202. The PID
gain coefficients may be maintained by the memory 306
accessible to the pump control module 302. In this regard,
the memory 306 may include a plurality of registers asso-
ciated with the control parameters for the PID control. For
example, a first parameter register may store the target
glucose value and be accessed by or otherwise coupled to the
summation block 406 at input 402, and similarly, a second
parameter register accessed by the proportional gain block
420 may store the proportional gain coefficient, a third
parameter register accessed by the integration gain block
422 may store the integration gain coefficient, and a fourth
parameter register accessed by the derivative gain block 424
may store the derivative gain coeflicient.

FIG. 5 depicts an exemplary embodiment of a patient
monitoring system 500. The patient monitoring system 500
includes a medical device 502 that is communicatively
coupled to a sensing element 504 that is inserted into the
body of a patient or otherwise worn by the patient to obtain
measurement data indicative of a physiological condition in
the body of the patient, such as a sensed glucose level. The
medical device 502 is communicatively coupled to a client
device 506 via a communications network 510, with the
client device 506 being communicatively coupled to a
remote device 514 via another communications network
512. In this regard, the client device 506 may function as an
intermediary for uploading or otherwise providing measure-
ment data from the medical device 502 to the remote device
514. It should be appreciated that FIG. 5 depicts a simplified
representation of a patient monitoring system 500 for pur-
poses of explanation and is not intended to limit the subject
matter described herein in any way.

In exemplary embodiments, the client device 506 is
realized as a mobile phone, a smartphone, a tablet computer,
or other similar mobile electronic device; however, in other
embodiments, the client device 506 may be realized as any
sort of electronic device capable of communicating with the
medical device 502 via network 510, such as a laptop or
notebook computer, a desktop computer, or the like. In
exemplary embodiments, the network 510 is realized as a
Bluetooth network, a ZigBee network, or another suitable
personal area network. That said, in other embodiments, the
network 510 could be realized as a wireless ad hoc network,
a wireless local area network (WLAN), or local area net-
work (LAN). The client device 506 includes or is coupled to
a display device, such as a monitor, screen, or another
conventional electronic display, capable of graphically pre-
senting data and/or information pertaining to the physiologi-
cal condition of the patient. The client device 506 also
includes or is otherwise associated with a user input device,
such as a keyboard, a mouse, a touchscreen, or the like,
capable of receiving input data and/or other information
from the user of the client device 506.

In some embodiments, a user, such as the patient, the
patient’s doctor or another healthcare provider, or the like,
manipulates the client device 506 to execute a client appli-
cation 508 that supports communicating with the medical
device 502 via the network 510. In this regard, the client
application 508 supports establishing a communications
session with the medical device 502 on the network 510 and
receiving data and/or information from the medical device
502 via the communications session. The medical device
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502 may similarly execute or otherwise implement a corre-
sponding application or process that supports establishing
the communications session with the client application 508.
The client application 508 generally represents a software
module or another feature that is generated or otherwise
implemented by the client device 506 to support the pro-
cesses described herein. Accordingly, the client device 506
generally includes a processing system and a data storage
element (or memory) capable of storing programming
instructions for execution by the processing system, that,
when read and executed, cause processing system to create,
generate, or otherwise facilitate the client application 508
and perform or otherwise support the processes, tasks,
operations, and/or functions described herein. Depending on
the embodiment, the processing system may be imple-
mented using any suitable processing system and/or device,
such as, for example, one or more processors, central
processing units (CPUs), controllers, microprocessors,
microcontrollers, processing cores and/or other hardware
computing resources configured to support the operation of
the processing system described herein. Similarly, the data
storage element or memory may be realized as a random-
access memory (RAM), read only memory (ROM), flash
memory, magnetic or optical mass storage, or any other
suitable non-transitory short or long-term data storage or
other computer-readable media, and/or any suitable combi-
nation thereof.

In one or more embodiments, the client device 506 and
the medical device 502 establish an association (or pairing)
with one another over the network 510 to support subse-
quently establishing a point-to-point communications ses-
sion between the medical device 502 and the client device
506 via the network 510. For example, in accordance with
one embodiment, the network 510 is realized as a Bluetooth
network, wherein the medical device 502 and the client
device 506 are paired with one another (e.g., by obtaining
and storing network identification information for one
another) by performing a discovery procedure or another
suitable pairing procedure. The pairing information obtained
during the discovery procedure allows either of the medical
device 502 or the client device 506 to initiate the establish-
ment of a secure communications session via the network
510.

In one or more exemplary embodiments, the client appli-
cation 508 is also configured to store or otherwise maintain
an address and/or other identification information for the
remote device 514 on the second network 512. In this regard,
the second network 512 may be physically and/or logically
distinct from the network 510, such as, for example, the
Internet, a cellular network, a wide area network (WAN), or
the like. The remote device 514 generally represents a server
or other computing device configured to receive and analyze
or otherwise monitor measurement data, event log data, and
potentially other information obtained for the patient asso-
ciated with the medical device 502. In exemplary embodi-
ments, the remote device 514 is coupled to a database 516
configured to store or otherwise maintain data associated
with individual patients. In practice, the remote device 514
may reside at a location that is physically distinct and/or
separate from the medical device 502 and the client device
506, such as, for example, at a facility that is owned and/or
operated by or otherwise affiliated with a manufacturer of
the medical device 502. For purposes of explanation, but
without limitation, the remote device 514 may alternatively
be referred to herein as a server.

It should be noted that in some embodiments, some or all
of'the functionality and processing intelligence of the remote
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computing device 514 can reside at the medical device 502
and/or at other components or computing devices that are
compatible with the patient monitoring system 500. In other
words, the patient monitoring system 500 need not rely on
a network-based or a cloud-based server arrangement as
depicted in FIG. 5, although such a deployment might be the
most efficient and economical implementation. These and
other alternative arrangements are contemplated by this
disclosure. To this end, some embodiments of the system
500 may include additional devices and components that
serve as data sources, data processing units, and/or recom-
mendation delivery mechanisms. For example, the system
500 may include any or all of the following elements,
without limitation: computer devices or systems; patient
monitors; healthcare provider systems; data communication
devices; and the like.

Still referring to FIG. 5, the sensing element 504 generally
represents the component of the patient monitoring system
500 that is configured to generate, produce, or otherwise
output one or more electrical signals indicative of a physi-
ological condition that is sensed, measured, or otherwise
quantified by the sensing element 504. In this regard, the
physiological condition of a patient influences a character-
istic of the electrical signal output by the sensing element
504, such that the characteristic of the output signal corre-
sponds to or is otherwise correlative to the physiological
condition that the sensing element 504 is sensitive to. In
exemplary embodiments, the sensing element 504 is realized
as an interstitial glucose sensing element inserted at a
location on the body of the patient that generates an output
electrical signal having a current (or voltage) associated
therewith that is correlative to the interstitial fluid glucose
level that is sensed or otherwise measured in the body of the
patient by the sensing element 504.

The medical device 502 generally represents the compo-
nent of the patient monitoring system 500 that is commu-
nicatively coupled to the output of the sensing element 504
to receive or otherwise obtain the measurement data samples
from the sensing element 504 (e.g., the measured glucose
and characteristic impedance values), store or otherwise
maintain the measurement data samples, and upload or
otherwise transmit the measurement data to the server 514
via the client device 506. In one or more embodiments, the
medical device 502 is realized as an infusion device 102,
202 configured to deliver a fluid, such as insulin, to the body
of the patient. That said, in other embodiments, the medical
device 502 could be a standalone sensing or monitoring
device separate and independent from an infusion device
(e.g., sensing arrangement 104, 204), such as, for example,
a continuous glucose monitor (CGM), an interstitial glucose
sensing arrangement, or similar device. It should be noted
that although FIG. 5 depicts the medical device 502 and the
sensing element 504 as separate components, in practice, the
medical device 502 and the sensing element 504 may be
integrated or otherwise combined to provide a unitary device
that can be worn by the patient.

In exemplary embodiments, the medical device 502
includes a control module 522, a data storage element 524
(or memory), a communications interface 526, and a user
interface 528. The user interface 528 generally represents
the input user interface element(s) and/or output user inter-
face element(s) associated with the medical device 502 (e.g.,
one or more user interface elements 240). The control
module 522 generally represents the hardware, circuitry,
logic, firmware and/or other component(s) of the medical
device 502 that is coupled to the sensing element 504 to
receive the electrical signals output by the sensing element
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504 and perform or otherwise support various additional
tasks, operations, functions and/or processes described
herein. Depending on the embodiment, the control module
522 may be implemented or realized with a general purpose
processor, a microprocessor, a controller, a microcontroller,
a state machine, a content addressable memory, an applica-
tion specific integrated circuit, a field programmable gate
array, any suitable programmable logic device, discrete gate
or transistor logic, discrete hardware components, or any
combination thereof, designed to perform the functions
described herein. In some embodiments, the control module
522 includes an analog-to-digital converter (ADC) or
another similar sampling arrangement that samples or oth-
erwise converts an output electrical signal received from the
sensing element 504 into corresponding digital measure-
ment data value. In other embodiments, the sensing element
504 may incorporate an ADC and output a digital measure-
ment value.

The communications interface 526 generally represents
the hardware, circuitry, logic, firmware and/or other com-
ponents of the medical device 502 that are coupled to the
control module 522 for outputting data and/or information
fronv/to the medical device 502 to/from the client device
506. For example, the communications interface 526 may
include or otherwise be coupled to one or more transceiver
modules capable of supporting wireless communications
between the medical device 502 and the client device 506.
In exemplary embodiments, the communications interface
526 is realized as a Bluetooth transceiver or adapter con-
figured to support Bluetooth Low Energy (BLE) communi-
cations.

In exemplary embodiments, the remote device 514
receives, from the client device 506, measurement data
values associated with a particular patient (e.g., sensor
glucose measurements, acceleration measurements, and the
like) that were obtained using the sensing element 504, and
the remote device 514 stores or otherwise maintains the
historical measurement data in the database 516 in associa-
tion with the patient (e.g., using one or more unique patient
identifiers). Additionally, the remote device 514 may also
receive, from or via the client device 506, meal data or other
event log data that may be input or otherwise provided by
the patient (e.g., via client application 508) and store or
otherwise maintain historical meal data and other historical
event or activity data associated with the patient in the
database 516. In this regard, the meal data include, for
example, a time or timestamp associated with a particular
meal event, a meal type or other information indicative of
the content or nutritional characteristics of the meal, and an
indication of the size associated with the meal. In exemplary
embodiments, the remote device 514 also receives historical
fluid delivery data corresponding to basal or bolus dosages
of fluid delivered to the patient by an infusion device 102,
202. For example, the client application 508 may commu-
nicate with an infusion device 102, 202 to obtain insulin
delivery dosage amounts and corresponding timestamps
from the infusion device 102, 202, and then upload the
insulin delivery data to the remote device 514 for storage in
association with the particular patient. The remote device
514 may also receive geolocation data and potentially other
contextual data associated with a device 502, 506 from the
client device 506 and/or client application 508, and store or
otherwise maintain the historical operational context data in
association with the particular patient. In this regard, one or
more of the devices 502, 506 may include a global posi-
tioning system (GPS) receiver or similar modules, compo-
nents or circuitry capable of outputting or otherwise pro-
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viding data characterizing the geographic location of the
respective device 502, 506 in real-time.

The historical patient data may be analyzed by one or
more of the remote device 514, the client device 506, and/or
the medical device 502 to alter or adjust operation of an
infusion device 102, 202 to influence fluid delivery in a
personalized manner. In exemplary embodiments described
herein, historical patient data is utilized to develop a phar-
macokinetic/pharmacodynamic (PK/PD) model for indi-
vidual patients supported by the patient monitoring system
500. For example, in one embodiment, for each individual
patient, a “digital twin” that includes a patient-specific
PK/PD model and a fixed profile of meal absorption rates as
a function of time (as identified from the patient’s historical
data) is generated and utilized to personalize infusion device
settings for that individual patient. In this context, a digital
twin is a mathematical model or simulation of an individual
patient that includes a set of differential equations derived
from the patient’s historical data that together define or
describe the patient’s blood glucose response to carbohy-
drate intake and insulin delivery. In this regard, the resulting
patient-specific PK/PD model used for the digital twin
represents the model that best fits the patient’s historical
sensor glucose measurement data for the period of time
under evaluation used to generate the model. The “output”
of the digital twin is a predicted blood glucose level or
profile based on “inputs™ that are likely to influence the
patient’s glycemic state, such as an amount of insulin
delivered, an amount of carbohydrate consumed, and/or the
like, in conjunction with the various patient-specific param-
eter values associated with the model. For example, each
digital twin may be associated with a personalized and
patient-specific set of values for various closed-loop control
parameters (e.g., PID gain coefficient values, PID time
constants, basal insulin delivery rates, carbohydrate ratios,
insulin sensitivity factors, target glucose values, and the
like), which may be unique to each individual patient.

Depending on the embodiment, the digital twin may be
updated on a periodic basis (e.g., daily, weekly, or the like),
at scheduled intervals, or in response to new or updated
patient data being uploaded to the remote server 514 and/or
database 516 (e.g., new or more recent sensor glucose
measurement data samples, insulin delivery amounts, meal
event log data, and the like). Additional details regarding the
development of a digital twin are provided in U.S. patent
application Ser. No. 16/386,104, filed Apr. 16, 2019, and
incorporated by reference herein in its entirety. As described
in greater detail below, in one or more exemplary embodi-
ments, a cloud-based digital twin for an individual patient is
managed and/or maintained by the remote server 514 and/or
database 516 and utilized automatically configure and adjust
settings, gains, and parameters for that patient’s infusion
device 502. That said, in alternative embodiments where the
infusion device has sufficient processing capabilities, the
creation, updating, and management of the digital twin may
be implemented at the infusion device 502 in lieu of a
cloud-based implementation.

Personalization Optimization

In exemplary embodiments, an infusion device is config-
ured to support multiple operating modes where aspects of
fluid delivery are automatically and/or autonomously con-
trolled and governed using patient-specific parameter values
that are stored or otherwise maintained at the infusion
device. For example, a dual-mode insulin infusion device is
capable of operating in a manual insulin delivery mode, in
which the infusion device delivers basal insulin according to
a pre-programmed rate or a time-based rate profile and/or
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other applicable manual mode settings, or in an automated
closed-loop insulin delivery mode, in which the infusion
device utilizes applicable closed-loop settings to influence
the manner in which basal insulin delivery is automatically
adjusted based on a relationship between a measured glu-
cose value and a target glucose value (or set point), as
described above. That said, it should be appreciated that the
subject matter described herein is not limited to any par-
ticular type or number of operating modes supported by an
infusion device.

As described in U.S. patent application Ser. No. 15/960,
495, which is incorporated by reference herein, after a
period of operation in the closed-loop mode, the total daily
basal insulin delivered tends to reach a more optimal level
due to the constant adjustment of insulin delivery by the
feedback controller. Thus, the efficacy of pre-programmed
basal rates and other parameter values for various operating
mode settings may wane over time due to a variety of
reasons. Accordingly, in exemplary embodiments described
herein, personalized infusion device settings are dynami-
cally updated to achieve a better outcome for the patient in
response to updated patient data collected or otherwise
obtained during operation of the infusion device. In this
regard, one or more cost functions may be utilized to arrive
at patient-specific values for operating mode parameters that
are likely to achieve a desired relationship between maxi-
mizing the amount of time the patient’s glucose level is
likely to be within a normal glycemic range (e.g., an
euglycemic range), minimizing the deviations between the
patient’s glucose level and a target glucose level, and
minimizing the likelihood, probability, or time spent in a
hypoglycemic range.

FIG. 6 depicts an exemplary personalized updating pro-
cess 600 for dynamically updating operating mode control
parameters with patient-specific values in real-time based on
recent patient data to reflect changes to the patient’s physi-
ological characteristics in an ongoing manner. The various
tasks performed in connection with the personalized updat-
ing process 600 may be performed by hardware, firmware,
software executed by processing circuitry, or any combina-
tion thereof. For illustrative purposes, the following descrip-
tion refers to elements mentioned above in connection with
FIGS. 1-5. For purposes of explanation, the personalized
updating process 600 may be described herein primarily in
the context of being implemented at a remote server 514 in
a patient monitoring system 500. It should be appreciated
that the personalized updating process 600 may include any
number of additional or alternative tasks, the tasks need not
be performed in the illustrated order and/or the tasks may be
performed concurrently, and/or the personalized updating
process 600 may be incorporated into a more comprehensive
procedure or process having additional functionality not
described in detail herein. Moreover, one or more of the
tasks shown and described in the context of FIG. 6 could be
omitted from a practical embodiment of the personalized
updating process 600 as long as the intended overall func-
tionality remains intact.

Depending on the embodiment, the personalized updating
process 600 may be performed on a periodic basis (e.g.,
daily, weekly, etc.), at a scheduled time of day (e.g., during
an overnight period), in response to a manually initiating an
update to his or her infusion device, or in response to more
recent or updated patient data being available (e.g., in
response to a batch of more recent measurement and deliv-
ery data being uploaded from an infusion device to a remote
server and/or database). The personalized updating process
600 receives or otherwise obtains patient data pertaining to

10

20

30

40

45

20

recent operation of the patient’s infusion device, adjusts or
otherwise alters the values for one or more control param-
eters for purposes of simulating the patient’s physiological
response based on the obtained patient data, and generates a
simulated glucose profile for the patient using the adjusted
control parameter values and the recent patient data (tasks
602, 604, 606). For example, the patient’s infusion device
502 and/or client device 506 may upload recent sensor
glucose measurement data, insulin delivery data, event log
data, and the like to the remote device 514 for purposes of
updating an individual’s historical patient data maintained in
the database 516. Thereafter, the remote device 514 builds or
otherwise creates a model associated with the patient that
can be utilized to generate a simulated glucose profile for the
patient based on the recent event log data (e.g., the recent
meal data, exercise information, sleep information, and/or
the like), and then adjusts one or more control parameter
values based on the relationship between the simulated
glucose profile and one or more target glucose values (e.g.,
the patient’s target glucose or set point for the closed-loop
mode, hypoglycemia and/or hyperglycemia thresholds, and/
or the like). For example, in exemplary embodiments where
a digital twin for the patient is maintained (e.g., in the
database 516), the remote server 514 utilizes that patient’s
particular PK/PD model to generate predicted sensor glu-
cose measurement values for the period of time after gen-
eration of the patient’s digital twin based on the patient’s
meal data, exercise data, bolus data, sleep data, and the like
during that time period that would result from simulated
operation of the patient’s infusion device 502 using the
adjusted control parameter values.

After generating a simulated glucose profile for the
patient, the personalized updating process 600 applies one or
more cost functions to the simulated glucose profile to
calculate or otherwise determine a total cost associated with
utilizing the adjusted control parameter values (task 608). As
described in greater detail below, in exemplary embodi-
ments, the cost is influenced by the relationship between the
simulate glucose values and a target glucose value, such that
adjustments to the control parameter values that reduce the
difference between the simulated glucose values and the
target glucose value will have a lower cost associated
therewith. After determining the cost associated with a given
set of control parameter values, the illustrated personalized
updating process 600 verifies or otherwise identifies whether
that set of control parameter values achieves a minimum
cost from among a number of potential sets of control
parameter values (task 610). In this regard, the tasks of
adjusting control parameter values (task 604), determining
simulated glucose profiles (task 606), and determining the
cost associated with a respective set of adjusted control
parameter values (task 608) may be repeated or otherwise
performed multiple times to obtain different potential sets of
adjusted control parameter values and corresponding costs
associated therewith. Any number of different multivariate
parameter optimization methods may be utilized to identify
a respective set of adjusted control parameter values that is
likely or expected to reduce costs, with the tasks 604, 606,
and 608 being iteratively repeated using an optimization
method to adjust one or more control parameter values (task
604) and determine a corresponding glucose profile and cost
(tasks 606 and 608), which, in turn may be utilized by the
optimization method to iteratively adjust the control param-
eter value(s) until arriving at a minimum cost. Additionally,
in some embodiments, a reference cost associated with the
set of control parameter values corresponding to current
infusion device settings may be determined based on the
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recent sensor glucose measurement data received by the
remote device 514 and/or database 516. In such embodi-
ments, if the set of control parameter values corresponding
to current infusion device settings yield the minimum cost,
the personalized updating process 600 may exit and main-
tain the current infusion device settings without making any
adjustments to the infusion device settings.

After identifying the set of control parameter values that
yields the minimum cost, personalized updating process 600
updates or otherwise adjusts the infusion device settings to
reflect the adjusted control parameter values (task 612). For
example, the remote server 514 may push or otherwise
transmit a command or instruction to the infusion device 502
and/or client device 506 that indicates the adjusted patient-
specific control parameter values to be implemented, which,
in turn results in the stored values for those operating mode
control parameters (e.g., at designated registers or locations
in memory 306) being updated to the adjusted patient-
specific control parameter values. Thereafter, the control
system of the infusion device 502 (e.g., command genera-
tion application 310 or closed-loop control system 400)
automatically references or otherwise utilizes the updated
adjusted patient-specific control parameter values when gen-
erating dosage commands for operating the infusion device
502 to deliver fluid to the patient.

Still referring to FIG. 6, in general, the goal of insulin
delivery therapy is to inject appropriate amount of insulin at
various circumstances to regulate patient’s glucose level to
maximize the time spent in a normal range, for example
from 80 mg/dL to 150 mg/dL. Additionally, or alternatively,
the effectiveness of therapy can be evaluated by a math-
ematical cost function that calculates a cost based on how
much a patient’s glucose profile deviates from a control
target or other reference value (e.g., the midpoint of the
normal glycemic range). For example, the cost associated
with a glucose profile deviating from a target can be deter-
mined using a first equation (alternatively referred to herein
as equation 1):

) D |BG, - TG

>

n

where BG, represents an individual blood glucose sample of
the glucose profile, TG represents the reference or target
glucose value, n represents the total number blood glucose
samples under consideration, and f is the total cost associ-
ated with the glucose profile. Alternatively, the cost can be
determined using the equation (equation 2):

n _ 2
) Zkzl(BGk 7G) .

n

In some embodiments, the cost function can be normalized
using a normalization factor, p, using the equation (equation
3)

. (BG, - TGY
=)

n

f=

The normalization factor (p) can be utilized to normalize the
cost to a value between 0 and 1, which can increase accuracy

20

25

30

40

45

50

55

60

65

22

and reduce the number of iterations required to converge on
an optimum or minimum cost. In this regard, in some
embodiments, the normalization factor (p) may vary based
on the glucose level (BG,). For example, if the difference
between the glucose profile and the target glucose value
(BG,-TG) is never greater than 100, then the normalization
factor can be set to the value of 100 (p=100). In this regard,
in some embodiments, p may be set to the maximum
difference between the glucose profile and the target glucose
value.

The foregoing cost functions are symmetric, in that they
proportionally assign cost for both positive and negative
deviations relative to the target glucose value. However, in
diabetes management therapy, the risks of hypoglycemia are
often a greater concern than hyperglycemia (e.g., because
insulin can be delivered to mitigate hyperglycemia but not
removed from the body to mitigate hypoglycemia). Accord-
ingly, in exemplary embodiments, an asymmetric cost func-
tion is employed to is employed to disproportionately assign
a greater cost to negative deviations or excursion in the
glucose profile relative to positive deviations. In one or more
embodiments, the cost associated with a glucose profile
deviating from a target is determined using the natural
logarithmic cost function equation (equation 4):

ZZ—1GOg BGy —log TGY?

n

f=

Because the natural logarithm of a negative difference is
larger than the natural logarithm of a positive difference, the
cost function assigns a greater cost to blood glucose samples
that are less than the target glucose value. For example,
given the same magnitude of deviation AG from the target
glucose (AG=IBG-TGl), the cost associated with a positive
deviation provided by the numerator of the cost function
corresponds (log(TG+AG)-log TG)?, while the cost associ-
ated with a negative deviation provided by the numerator of
the cost function corresponds to (log(TG-AG)-log TG)>.
Thus, the cost of a negative deviation from the target will be
larger than the cost of a positive deviation. Accordingly, in
exemplary embodiments, the personalized updating process
600 utilizes the natural logarithmic cost function to asym-
metrically assign a cost to a set of adjusted control param-
eters (e.g., task 608) and thereby identify a set of adjusted
control parameters that minimizes the risks of hypoglycemia
(e.g., task 610).

Additionally, or alternatively, in some embodiments, the
cost function is designed to minimize the amount of time
spent below a hypoglycemic threshold value or other lower
threshold glucose value relative to the amount of time spent
within a predefined range of glucose values (alternatively
referred to as “time in range”). For example, given a series
of glucose measurements that make up a simulated glucose
profile, the percentage of time spent below a hypoglycemic
threshold value or other lower threshold glucose value (e.g.,
70 mg/dL) is calculated using the equation:

. total minutes duration of BGy < 70
timebelownormal = *

100.
total minutes duration of BG

Additionally, the percentage of time spent within a normal
range above the lower threshold glucose value but below a
hyperglycemic threshold or upper threshold glucose value
(e.g., 180 mg/dL) is calculated using the equation:
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total minutes duration of 70 = BG; = 180
% 100.

timeinrange =
& total minutes duration of BGy

Thereafter, the percentage spent below the desired range is
normalized by the following equation with two factors o and
B using the equation:

timebelownormal

timebelownormal_normalize= ———.
1 + qe-Brtimebelownormal

In this regard, the normalization factors can be adjusted to
increase or decrease the cost for violating the hypoglycemic
threshold. In an exemplary embodiment, the normalization
factors are chosen to be a=100 and B=2 to achieve a desired
balance between glucose control efficacy and safety. The
final cost can then be determined as a function of the
percentage of time spent below the desired range and the
time spend within the desired range, either as a function of
the normalized percentage of time spent below the hypo-
glycemic threshold using equation (equation 5):

timebelownormal_normalize timeinrange
- 5 T

or as a function of the percentage of time spent below the
hypoglycemic threshold using equation (equation 6):

timebelownormal timeinrange

~prtimebeion0) B 110

- 5+(1+ae

The number 5 in equations 5 and 6 is a normalization factor
representing the ideal maximum for the percentage of time
spent below the normal range (e.g., 5%), while the number
110 is a normalization factor chosen to maintain a range for
the value of the cost function between —1 and 1 given the
maximum percentage for the time in range is 100.

It should be noted that any of the foregoing cost functions
could be utilized individually or in combination in connec-
tion with the personalized updating process 600 to optimize
the personalized control parameter adjustments to achieve a
desired minimization of cost. For example, for each set of
adjusted parameters, the total cost could be determined as a
weighted sum of the cost determined using the natural
logarithmic cost function (equation 4) and the cost deter-
mined based on the percentage of time spent below range
(equation 5 or equation 6), with the weighting factors
assigned to different cost functions being chosen to achieve
a desired relationship between the magnitude of deviations
(equation 4) and the duration of deviations (equation 5 or
equation 6). In this regard, the weighting factor assigned to
the natural logarithmic cost function may be increased to
penalize deviations from the target glucose level, while
weighting factor assigned to the time below range cost
functions may be increased to penalize prolonged durations
below a hypoglycemic threshold. In this regard, there are
any number of different manners in which the cost functions
(equations 1-6) could be utilized, individually or in combi-
nation, to arrive at a total cost determination (e.g.. at task
608) that achieves a desired optimization of the personalized
control parameter adjustments, and the subject matter
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described herein is not necessarily intended to be limited to
any particular cost function or combination thereof.

For the sake of brevity, conventional techniques related to
glucose sensing and/or monitoring, bolusing, closed-loop
glucose control, patient modeling, cost functions, optimiza-
tion and related mathematical concepts, and other functional
aspects of the subject matter may not be described in detail
herein. In addition, certain terminology may also be used in
the herein for the purpose of reference only, and thus is not
intended to be limiting. For example, terms such as “first”,
“second”, and other such numerical terms referring to struc-
tures do not imply a sequence or order unless clearly
indicated by the context. The foregoing description may also
refer to elements or nodes or features being “connected” or
“coupled” together. As used herein, unless expressly stated
otherwise, “coupled” means that one element/node/feature is
directly or indirectly joined to (or directly or indirectly
communicates with) another element/node/feature, and not
necessarily mechanically.

While at least one exemplary embodiment has been
presented in the foregoing detailed description, it should be
appreciated that a vast number of variations exist. It should
also be appreciated that the exemplary embodiment or
embodiments described herein are not intended to limit the
scope, applicability, or configuration of the claimed subject
matter in any way. Rather, the foregoing detailed description
will provide those skilled in the art with a convenient road
map for implementing the described embodiment or
embodiments. It should be understood that various changes
can be made in the function and arrangement of elements
without departing from the scope defined by the claims,
which includes known equivalents and foreseeable equiva-
lents at the time of filing this patent application.

What is claimed is:

1. A method of automatically adjusting a control param-
eter for an operating mode of a medical device, the method
comprising:

obtaining, by one or more processors, data pertaining to a

physiological condition of a patient during operation of
the medical device;

determining, by the one or more processors, a plurality of

adjusted values for the control parameter to be opti-
mized using a cost function based at least in part on the
data, the control parameter being a proportional-inte-
gral-derivative (PID) gain coefficient value, a PID time
constant, an insulin limit, or a pharmodynamical time
constant;

for each of the plurality of adjusted values for the control

parameter, determining, by the one or more processors,
arespective cost associated with the respective adjusted
value for the control parameter based at least in part on
the data using the cost function, resulting in a plurality
of costs associated with each of the plurality of adjusted
values, wherein the cost function disproportionately
penalizes negative excursions relative to a target range
for the physiological condition, and wherein the cost
function disproportionately penalizes the negative
excursions relative to the target range by including a
first penalty term dependent on time spent outside of
the target range, and a second penalty term, different
from the first penalty term, dependent on time spent
below a lower bound of the target range;

identifying, by the one or more processors, from among

the plurality of adjusted values, an optimized value
from among the plurality of adjusted values, wherein
the optimized value has a minimum cost associated
therewith from among the plurality of costs; and
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controlling, by the one or more processors, fluid delivery
of the medical device to deliver fluid to the patient
according to the control parameter at the optimized
value.

2. The method of claim 1, wherein:

obtaining the data comprises obtaining measurement data

indicative of the physiological condition of the patient;
and

determining the plurality of adjusted values for the control

parameter comprises adjusting the control parameter
based on the measurement data.

3. The method of claim 2, the data including event log
data associated with the patient, the method further com-
prising determining, for each of the plurality of adjusted
values for the control parameter, a simulated profile of the
physiological condition of the patient based at least in part
on the event log data, wherein determining the respective
cost associated with the respective adjusted value for the
control parameter comprises determining the respective cost
associated with the respective adjusted value for the control
parameter based at least in part a relationship between the
simulated profile associated with the respective adjusted
value and a reference value associated with the cost func-
tion.

4. The method of claim 3, the reference value comprising
a lower threshold value for the physiological condition,
wherein determining the respective cost associated with the
respective adjusted value for the control parameter com-
prises determining the respective cost associated with the
respective adjusted value for the control parameter based at
least in part a percentage of data samples of the simulated
profile associated with the respective adjusted value that are
below the lower threshold value.

5. The method of claim 1, further comprising determining,
for each of the plurality of adjusted values for the control
parameter, a simulated profile of the physiological condition
of the patient based at least in part on the respective adjusted
value and at least some of the data using a digital twin for
the patient, wherein determining the respective cost associ-
ated with the respective adjusted value for the control
parameter comprises determining the respective cost asso-
ciated with the respective adjusted value for the control
parameter based at least in part on relationships between
data samples of the simulated profile associated with the
respective adjusted value and a reference for the physiologi-
cal condition.

6. The method of claim 1, further comprising determining,
for each of the plurality of adjusted values for the control
parameter, a simulated profile of the physiological condition
of the patient based at least in part on the respective adjusted
value and at least some of the data, wherein determining the
respective cost associated with the respective adjusted value
for the control parameter is based at least in part on the
simulated profile.

7. The method of claim 1, further comprising determining,
for each of the plurality of adjusted values for the control
parameter, a simulated profile of the physiological condition
of the patient based at least in part on the respective adjusted
value and at least some of the data, wherein determining the
respective cost associated with the respective adjusted value
for the control parameter comprises determining the respec-
tive cost associated with the respective adjusted value for the
control parameter based at least in part on a percentage of
data samples of the simulated profile associated with the
respective adjusted value that are less than a threshold value.
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8. The method of claim 1, wherein updating the control
parameter comprises a remote server transmitting the opti-
mized value for the control parameter to the medical device
via a network.

9. The method of claim 1, wherein the target range
comprises an upper bound and a lower bound different from
the upper bound.

10. A patient monitoring system comprising:

a medical device to regulate a physiological condition of

a patient in accordance with an operating mode based
at least in part on a control parameter; and

a remote device to:

obtain patient data pertaining to operation of the medi-
cal device,

determine a plurality of adjusted values for the control
parameter to be optimized using a cost function
based at least in part on the patient data, the control
parameter being a proportional-integral-derivative
(PID) gain coefficient value, a PID time constant, an
insulin limit, or a pharmodynamical time constant,

determine a respective cost associated with each
respective adjusted value of the plurality of adjusted
values for the control parameter based at least in part
on the patient data using the cost function, resulting
in a plurality of costs, wherein the cost function
disproportionately penalizes negative excursions
relative to a target range for the physiological con-
dition, and wherein the cost function disproportion-
ately penalizes the negative excursions relative to the
target range by including a first penalty term depen-
dent on time spent outside of the target range, and a
second penalty term, different from the first penalty
term, dependent on time spent below a lower bound
of the target range,

identify an optimized value having a minimum cost
associated therewith from among the plurality of
adjusted values based on the plurality of costs, and

control fluid delivery by the medical device to deliver
fluid to the patient according to the control parameter
at the optimized value.

11. The patient monitoring system of claim 10, the medi-
cal device comprising an infusion device to regulate a
glucose level of the patient, wherein the remote device
determines a simulated glucose profile resulting from each
of'the plurality of adjusted values based at least in part on the
patient data and determines the respective cost associated
with each respective adjusted value of the plurality of
adjusted values for the control parameter based at least in
part on the simulated glucose profile associated with the
respective adjusted value.

12. The patient monitoring system of claim 11, wherein
the operating mode comprises a closed-loop operating.

13. The patient monitoring system of claim 11, wherein
the cost function assigns cost based on a percentage of data
samples of the simulated glucose profile that are less than a
hypoglycemic threshold.

14. A method of automatically adjusting a control param-
eter for an operating mode of an infusion device regulating
a glucose level of a patient, the method comprising:

obtaining, by one or more processors, patient data com-

prising sensed glucose measurement data and event log
data during a period of operation of the infusion device
in accordance with the operating mode;

determining, by the one or more processors, a plurality of

adjusted values for the control parameter to be opti-
mized using a cost function based at least in part on the
sensed glucose measurement data, the control param-
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eter being a proportional-integral-derivative (PID) gain

coeflicient value, a PID time constant, an insulin limit,

or a pharmodynamical time constant;

for each of the plurality of adjusted values for the control

parameter:

determining, by the one or more processors, a simu-
lated glucose profile for the patient corresponding to
the period of operation based on the event log data
and the respective adjusted value for the control
parameter; and

determining, by the one or more processors, a respec-
tive cost associated with the respective adjusted
value for the control parameter based at least in part
on the simulated glucose profile using a cost func-
tion;

identifying, by the one or more processors, from among

the plurality of adjusted values, an optimized value

from among the plurality of adjusted values, wherein

the optimized value has a minimum cost associated

therewith from among a plurality of costs associated

with the plurality of adjusted values according to the

cost function, wherein the cost function disproportion-

28

ately penalizes negative excursions relative to a target
glucose range, and wherein the cost function dispro-
portionately penalizes the negative excursions relative
to the target range by including a first penalty term
dependent on time spent outside of the target range, and
a second penalty term, different from the first penalty
term, dependent on time spent below a lower bound of
the target range; and

controlling, by the one or more processors, insulin deliv-
ery by the infusion device to deliver insulin to the
patient according to the control parameter at the opti-
mized value.

15. The method of claim 14, wherein determining the

respective cost associated with the respective adjusted value
for the control parameter based at least in part on the
simulated glucose profile using the cost function comprises
determining the respective cost associated with the respec-
tive adjusted value for the control parameter based at least
in part on a percentage of data samples of the simulated
glucose profile that are less than a hypoglycemic threshold.
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